Summary. The nuclear sector in the UK operates under regulation requiring assurance that the quality of radioactive measurements is "fit for purpose". Laboratories operate a quality system under ISO 17025:2005 which is monitored by the United Kingdom Accreditation Service. Few of the test methods used in UK laboratories are based on standard methods so non-standard procedures are validated through the use of certified reference materials, and continued quality assurance is provided through participation in proficiency testing and interlaboratory comparison exercises. The majority of organisations accredited for radioactivity measurements under ISO 17025:2005 in the UK are environmental monitoring laboratories routinely processing soils, vegetation, air filters and water samples. There are no certified reference materials available in the UK or elsewhere adequately supporting the work of these laboratories. The same is true for the nuclear decommissioning and waste management community that regularly analyses concrete, soil, brick, sludge and oils for activities at Low Level Waste and Intermediate Waste Levels. The nuclear sector has a number of issues regarding availability of isotopic tracers for analysis, supplies of material for nuclear medicine, proficiency testing exercises involving representative matrices and activity levels but the most pressing need is in the area of certified reference materials for validation of methods analysing alpha, beta, and gamma emitting radionuclides.
Introduction
The nuclear sector is one of the most highly regulated and monitored of all industries due to the potentially hazardous nature of the work involved. There are five main areas of application: nuclear medicine, nuclear decommissioning, environmental radioactivity, radiation protection and nuclear security. With safety as the prime consideration, the industry is very familiar with the need for quality standards and assessments, including the need for a competent workforce and rigid guidelines for operation, assessed through regular testing and monitoring. Regulation relates not only to *E-mail: s.parry@imperial.ac.uk
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the safe operation of nuclear installations but also to aspects of public and environmental safety with the setting of limits on discharges from such sites. UK environmental agencies for England and Wales (the Environment Agency, EA), for Scotland (the Scottish Environmental Protection Agency, SEPA) and for Northern Ireland (the Northern Ireland Environment Agency, NIEA), require nuclear licensed operators to monitor their discharges to demonstrate they are within the prescribed limits. These agencies also monitor the environment; foodstuff and crops are covered by the Food Standards Agency and drinking water is regulated by the relevant Drinking Water Inspectorate (DWI). As a result, many thousands of samples are analysed every year for a wide range of alpha, beta and gamma-emitting radionuclides. Examples of the sample types include environmental waters, soils and grasses; emissions from industrial plant such as air filters, sludges, oils and effluents; foodstuffs such as cabbage, fish, total diet and rabbits; and material from decommissioning building: brick, concrete and plastics. Many of the analyses will take place within the site where the samples are generated but there is also an increasing reliance on independent laboratories offering radioanalytical services. The data generated by all these laboratories are used to confirm the continued safety of the public and the environment so it is essential that quality is assured. The quality assurance of radioanalytical laboratories has developed significantly over the past twenty years and has been transformed by the acceptance of an international standard and accreditation bodies to oversee competency. In the UK it is now generally acknowledged that a laboratory carrying out radioanalysis for any of the regulators will be required to demonstrate quality by accreditation under ISO 17025:2005 [1] .
Accreditation bodies
The UK has a history of accreditation for testing and calibration laboratories, dating from 1966 when the British Calibration Service was formed. The National Testing Laboratory Accreditation Service (NATLAS) was set up in the UK in 1981 and it became the National Measurement Accreditation Service (NAMAS) in 1985. At the time, the national accreditation scheme in the UK (M10) was based on the European standard EN 45001, published in 1989, and ISO/IEC Guide 25:1990. The United Kingdom Accreditation Service (UKAS) came into effect in 1995 and continued to base M10 on these European standards until they were withdrawn in 1999 on the publication of ISO/IEC 17025 by the International Organization for Standardization. Among its services relevant to the activities of analytical testing laboratories, UKAS assesses and accredits laboratories in accordance with the requirements of BS EN ISO/IEC 17025:2005. In addition it covers proficiency testing schemes in accordance with the requirements of ISO 17043:2010 [2] and reference material producers in accordance with ISO Guide 34 [3] .
To put the UK into the wider context, UKAS is part of the International Laboratory Accreditation Cooperation (ILAC). ILAC is 'the world's principal international forum for the development of laboratory accreditation practices and procedures, the promotion of laboratory accreditation as a trade facilitation tool, the assistance of developing accreditation systems, and the recognition of competent test facilities around the globe.' In conjunction with ILAC, specific regions have also established their own accreditation co-operations, and the UK is a member of the European co-operation for Accreditation, the network of nationally recognised accreditation bodies located in Europe. UK is also a member of the International Accreditation Forum, Inc. (IAF), the world association of conformity assessment accreditation bodies. IAF membership includes accreditation bodies from nations in all parts of the world, and seeks 'to encourage development of a single world-wide system of mutual recognition of conformity assessment certificates'. ILAC and IAF work together in developing a global network of accredited testing and calibration laboratories that are assessed and recognised as being competent. Generally there is a single national accreditation service for a particular country but there are examples, such as in Canada, China and the USA where there are a number of organisations that are full members of ILAC.
Accredited laboratories
Currently in the UK there are around 35 laboratories with radioactivity listed on their schedule of accreditation. The categories of sample types include environmental (54%), industrial (17%), waste characterisation (14%), health physics (12%) and stacks (3%). By far the majority of laboratories focus on environmental analysis, driven partly by the environmental regulators demanding accreditation of their analysts. However, with decommissioning activities in the UK growing annually, it is anticipated that demand for accredited laboratories with capability for waste characterisation will increase. A similar number of laboratories are accredited by the French Comite Francais d'Accreditation for predominantly environmental and health physics monitoring. It is not surprising that other European countries with less commitment to nuclear energy have far fewer accredited laboratories specialising in the measurement of radioactivity.
In the UK the schedules for accredited methods confirm that there are a set of analytical measurements which are common to most laboratories carrying out environmental monitoring. They include gross alpha and gross beta activity used for screening purposes, high resolution gamma spectrometry over the range from about 40 to 2000 keV, liquid scintillation counting following radiochemical separation for beta emitters (distillation or combustion methods for 3 H and 14 C), and alpha spectrometry after pre-separation and electrodeposition for alpha emitters.
UK laboratories follow standard methods in only a few exceptional examples. Gross alpha and beta activity measurements are usually made following ISO standards, depending on whether samples are prepared as thin sources [4] or made to a standard thickness for counting [5, 6] . The recent introduction of the commercial pyrolyser for the combustion of samples for 3 H and 14 C has resulted in many UK laboratories following procedures as directed by the manufacturer. Inevitably gamma ray spectrometry is carried out using one of only a limited number of options for detectors, electronics and software. However, the radiochemical procedures for separation of alpha spectrometry and beta scintillation counting are almost as numerous as the number of laboratories carrying out the work. Therefore validation of methodologies forms a significant part of quality assurance.
Working under accreditation
A meeting held by the Royal Society of Chemistry in 2011 entitled The Analyst's Dilemma: Maintaining standards in radiochemistry under future regulation, examined the issues of operating as suppliers and customers under current and future accreditation and regulation requirements. The programme included presentations from throughout the sector, including nuclear waste and decommissioning, nuclear medicine, radioanalytical services, and suppliers of standards, reference materials and proficiency testing material. One area of significant interest was the additional performance standards to be placed on the laboratories by the EA over and above the existing requirement for UKAS accreditation. Such requirements (known as MCERTS) already exist for a range of tests including water sampling and analysis, air quality monitoring, stack emissions and chemical testing of soils. The determinands currently covered by MCERTS are the most important parameters when monitoring discharges from wastewater treatment works, industrial processes and the aquatic environment, namely ammonia, COD, conductivity, dissolved oxygen, free cyanide, nitrates, orthophosphate, pH, temperature, TOC, total arsenic, total cadmium, total chlorine, total copper, total lead, total mercury, total nickel, total oxidised nitrogen, total phosphorus, and turbidity. In future radioactivity will be added to the list.
The discussion panel concluded that although there were challenges facing UK radiochemists in the future, most professionals accepted accreditation of their laboratories as a very necessary demonstration of their quality assurance in a competitive environment. So, assuming that accreditation is accepted as the minimum requirement for quality assurance in a radioanalytical laboratory, what are the current challenges? The meeting raised a number of issues affecting many parts of the nuclear sector including the lack of certain radioisotopes for medical use and standardisation, the shortage of reference materials with suitable matrices for environmental analysis and decommissioning, the limited number of proficiency testing (PT) schemes available, and the issues arising from achieving accreditation.
This topic was also the focus of a recent metrology workshop held by the National Physical Laboratory (NPL) specifically for the decommissioning and waste management community. Discussions on reference materials and PT concluded that the most pressing issue was the lack of certified reference materials (CRMs) for validation of methods that were representative of the materials under examination including solids such as concrete, brick, soil, in addition to liquid sludges and oils.
Validation
In order to have a proposed test accepted for accreditation, it is necessary for the laboratory to provide a comprehensive method validation report for assessment. This includes information about the potential use, such as type of sample matrices, range of activities to be measured, linearity of response over the range of use, limits of detection and associated uncertainties. It is imperative to demonstrate traceability of the measurement through the use of calibration standards traceable to national/international standards. In addition the laboratory must demonstrate competence through the successful analysis of CRMs and/or participation in PT schemes.
Measurement traceability
Calibrations and measurements made by an accredited laboratory are required to be traceable to the International System of Units (SI), which means that equipment such as balances and radiometric counting devices must either be calibrated by an external supplier accredited for calibration, or the laboratory must carry out a calibration using a standard traceable to a national or international standard. Until recently there were two suppliers of traceable standards for radioactivity in the UK: the NPL and GE Healthcare. Although it was once a major source of radionuclides to all sectors of the community, the latter organisation no longer supplies secondary standards for radioanalysis. As the UK's national metrology laboratory, NPL provides a range of standard solutions of single radionuclides and mixed radionuclides in support of the UK community and these are supplemented by similar organisations abroad, such as NIST (USA), LNHB (France) and PTB (Germany). National metrology laboratories play an essential role in providing traceability through standards and calibration of instrumentation which ensures equivalence in other countries. However, there are sometimes occasions when certain radionuclides of current interest are not available, as was the case recently with 63 Ni and 242 Pu. Certain radionuclides of interest in waste management and decommissioning, including 41 Ca, 79 Se, 113m Cd and 151 Sm, are currently not available in the form of certified standards from any supplier [7] .
Certified reference materials
Most radiochemical methods are developed "in-house" and therefore require validation before they may be added to a schedule of accreditation. We can only have confidence in the capabilities of our radioanalytical laboratories if there are credible reference materials to underpin the entire process. Reference materials should represent the type of samples being analysed routinely but generally there are very few suitable matrices available for the analysis of environmental samples such as waters, soils and vegetation. Table 1 demonstrates the limited number of CRMs in use in the UK currently. There is no organisation accredited for the production of CRMs for radioactivity in the UK, in fact there is no UK supplier of such material. Laboratories have to seek material from abroad, mainly from the IAEA in Europe who are providers of a selection of soils and sediments, ore and vegetation for a limited range of radionuclides, particularly naturally occurring radionuclides. The volumes of material per bottle are limited to 200 g soil or 500 mL of water and since the bottles are produced in the low hundreds, they sell out quickly; for example, there are no water reference materials currently available.
The situation is even more difficult for those working in the fields of decommissioning and waste management, where there is a requirement for a range of representative matrices including concrete, steel, soil, oil and sludges. There are no CRMs of this nature in the UK at activity levels that are realistic for the industry. The community has expressed the need for representative matrices in sufficient volume at activity levels equivalent to LLW (Low level Waste). It is hoped that the NPL workshop has generated sufficient interest for there to be some progress in the development of at least some reference materials certified on the basis of consensus values. In the UK and Europe there are a number of accredited laboratories producing good quality data, as demonstrated through the NPL PT Exercise each year. In consequence there is the opportunity to gain good consensus values for a potential CRM in a reasonable timescale. Without the regular use of suitable CRMs, laboratories can only participate in PT schemes to demonstrate their competence and validate their methods; hence most laboratories in the UK rely heavily on PT to demonstrate the continued validity of their methods.
Quality control procedures
Once validated and implemented, a test method has to be monitored regularly to confirm its continued validity. Ideally this involves running reference materials on a routine basis to check the results and plot the resulting data statistically to monitor trends, with corrective actions if the results are outside pre-defined criteria. Other possible quality control checks include participation in interlaboratory comparisons (ILCs) or PT programmes, analysis of replicates and reanalysis of retained samples.
Proficiency testing
It is a requirement of accreditation that laboratories participate in PT or ILCs where schemes exist and which are relevant to their scope of accreditation. PT schemes should operate in compliance with ISO Standard 17043:2010 but not all providers are currently accredited. The selection of suitable PT schemes will depend on the scope of the laboratory accreditation with factors such as matrices, radionuclides and levels of activity to be considered. For example, PT samples may contain activities that are significantly higher than some laboratories might be willing to process for fear of contamination when they are normally monitoring detection limits of a few mBq. On the other hand, organisations monitoring LLW and ILW materials cannot adequately test their methods on PT schemes designed for environmental laboratories. Combinations of radionuclides in PT material can cause interference problems for laboratories where the offending radionuclide is not present in their own samples and it is important for laboratories to carefully review and select appropriate schemes to participate in to avoid creating unforseen PT failures. Table 2 is a compilation of PT schemes that laboratories in the UK use to prove their competency. It is not intended to be comprehensive but to demonstrate the range of matrices and activities available and in regular use. Where no appropriate PT scheme is available, then laboratories must demonstrate the continued validity of their tests by other means, such as the use of CRMs.
In the UK, PT for radioactivity measurements is provided by the National Metrology Institutes: the Laboratory of the Government Chemist (LGC) and the National Physical Laboratory (NPL).
LGC distributes regular samples of drinking water to the water companies for tritium and gross alpha/beta under the Aquacheck scheme while the NPL runs annual proficiency testing exercise for environmental applications which are distributed in this country and abroad. The environmental PT samples are issued as solutions and the scheme covers alpha, beta and gamma emitting radionuclides at "high" and "low" levels of activity. Unfortunately in the UK there is no supplier of more realistic environmental samples for proficiency testing and laboratories have to depend on overseas organisations such as the IAEA, ERA and MAPEP for representative environmental matrices.
The ERA RadChem scheme issues samples of potable waters four times a year and air filters, environmental waters, soils and vegetation every six months, covering a wide range of radionuclides. The MAPEP PT programme run by the USDOE provides the same range of matrices on a quarterly basis with a similar but also complementary range of activities to the ERA samples. Environmental monitoring laboratories, particularly those interested in measuring natural radioactivity, are also supported by the IAEA through the ALMERA network and Worldwide Open scheme, which have provided soils, waters and air filters in the past few years.
NPL's PT concrete and sand containing gamma-emitting radionuclides are the only building materials of their type produced so far. A 200 L drum typical of that used for nuclear waste disposal has also been designed specifically for laboratories interrogating drums of waste. Since the cost of disposing of ILW is ten times that for LLW, the financial implications of an erroneous measurement is significant and reliable assay of a single drum saves thousands of pounds in disposal costs. This PT scheme has proved indispensable for those laboratories wishing to gain accreditation for measuring drums containing homogeneous and heterogeneous mixed waste.
For those involved in the nuclear industry, IRMM has, in the past, produced nitrate solutions of U and Pu for the measurement of isotopics under the REIMAP scheme. Procorad, provides a service for bioassay laboratories with regular distribution of urine for a range of radionuclides including actinides, beta emitters such as 14 C and 35 S, and gamma emitters with a 'surprise' urine which contains unknown alpha, beta and gamma emitters. Faecal ash is also provided for the determination of U, Th, Pu, trans-Pu elements.
Interlaboratory comparison
In the UK a group of laboratories with a common interest in radioanalysis formed the 'Analysts Informal Working Group' which meets to discuss the measurement of radioactivity in general and mutual problems and issues in particular. This group has organised a number of laboratory intercomparisons in the past which have served to fill important gaps left by organisations providing reference and proficiency testing material. The samples generated by individual laboratories have included determination of 238 
In-house QC samples
There are many examples of matrices analysed for the nuclear sector where there is no suitable CRM, PT material or means of comparison with other laboratories. For example, there is nothing to represent the ferrous and non-ferrous metals, flooring and roofing materials, sludges and oils that are analysed routinely for decommissioning waste management. Currently the only way to represent a radioactive steel is by spiking with a standard radionuclide but that is clearly a far from satisfactory way to validate a test method since the dissolution stage for the radioactive species will not be representative. Whether it is an acceptable demonstration of the validation of a method is questionable but the ISO standard accepts that "validation is always a balance between costs, risks and technical possibilities".
A quality control (QC) sample is designed to ensure that the laboratory is generating consistent results, once it has been demonstrated that the method is producing accurate results through the use of a CRM. In the absence of a suitable CRM, laboratories must develop their own QC samples using materials typical of those they analyse. Some laboratories will be capable of preparing suitable QCs, others may find it difficult. However, there is scope to develop an in-house QC representative of the matrix and activity levels associated with their customers' materials. Not too onerous if a large amount of the material is available from the customer, and it is homogeneous and remains stable -or even for the customer to provide one to the laboratory. Once a suitable material is prepared, a number of analyses will be necessary to establish an assigned value. Finally it must not be forgotten that a procedural QC sample should be treated in exactly the same way as the customers' samples, including any preparation steps such as crushing, grinding, drying, ashing, digestion and dissolution, plus any separation procedures such as filtration, ion chromatography, solvent extraction, precipitation and electrodeposition. All too often laboratories miss out important stages in the procedure.
Discussion
This overview of quality assurance in the nuclear sector has focused on current practice in the UK and reflects how those laboratories operate. However, it has highlighted significant areas where work is required globally to demonstrate world class analytical competence in the nuclear sector. There are three main areas of concern: the limited number of suppliers of radioactive standards, the absence of suitable reference materials and the need for a proficiency testing scheme for waste management and decommissioning.
If all laboratories monitoring radioactivity are dependent on the same few sources of reference standards, the sector is very vulnerable to any interruption in the supply of material. As more radionuclides, such as 41 Ca, 79 Se, 113m Cd and 151 Sm, are being recognised as important in monitoring activities, the production of reference standards will become increasingly important.
There is a serious lack of suitable CRMs containing appropriate radionuclides for a range of applications including environmental monitoring, as well as for waste management and decommissioning. This is a particularly serious weakness in the validation process when new methods are being introduced for the measurement of alpha and beta emitters in soils, vegetation, air filters, and waters.
Proficiency testing schemes are available for environmental monitoring and bioassay but there is a lack of any credible PT materials for waste management and decommissioning activities, including concretes, sludges and oils. Not only are the matrices unsuitable but the levels of activities available are not appropriate for the work.
Problems associated with quality assurance in the UK nuclear sector are global issues that can only be addressed fully with Government intervention. Production of traceable standards, CRMs and PT schemes are not commercially attractive propositions and nuclear sector industries will need to decide how to achieve the necessary range of materials in support of their activities. In future it will be critical to persuade politicians that valid analytical measurement is imperative if countries are to demonstrate equivalence across borders and maintain their position in the global marketplace. 
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